The problems associated with the presence of sediments in sewers and stormwater drainage systems represent a major engineering challenge. Their accumulation can result in operational difficulties, including flow restriction and premature overflows. Sediments themselves are known to contribute significantly to the polluting load of storm overflows.
INTRODUCTION
The problems associated with the presence of sediments in sewer systems and stormwater drains have been with us for many years. Accumulations of sediments within pipelines and other network components can have the effect of restricting the passage of flows, culminating in premature spills from sewer systems, and the inevitable pollution of watercourses (Fraser & Ashley, 1999) .
The sediments themselves are known to contribute significantly to the polluting load in such an event.
In the USA and Australia, separate sewer systems predominate over combined systems, in concept a sensible approach. However, to the peril of these nations, 'urban runoff', and in particular, sediment, is now deemed to represent one of the major sources of waterway pollution (USEPA, 1996) .
In the last decade, CFD fluid flow simulation software has become increasingly applied for the study of sewer and drainage systems and processes (Faram & Harwood, 2000) . In particular, many studies have focussed on the prediction of particle behaviour in those structures that have been designed to facilitate their removal, for example, sediment interceptors (Fraser et al., 2001; Stovin et al., 2001) Popular approaches to the assessment of sediment interceptors and other types of separator have tended to fall into one of two categories;
• Lagrangian particle tracking approaches (Harwood & Saul, 1999) . Discrete, noninteracting particles of defined size and density are released into the flow domain. Particles that enter a defined 'sediment collection' region, or that exit via an underflow, if present, are deemed to have been 'trapped', or particles that remain in the chamber after a defined transit time or distance are deemed to have been 'trapped'. This approach is applicable when solids concentrations are low (i.e. less than 10 %).
• Algebraic Slip Mixture (ASM) and Eulerian granular phase approaches (Okamoto et al., 2002; Burt & Balmforth, 2002) . The particulate phase is represented as a continuum of defined concentration and particle characteristics. Device efficiency is determined from a knowledge of outlet concentrations compared to those at the inlet. Deposition and accumulation effects can be represented.
Numerical, as well as experimental studies have tended to focus on net particle removal efficiencies at discrete flowrates, and after a given time. However, in those systems where sediments are stored for later removal, one phenomenon that is generally neglected is that of reentrainment, whereby material collected at low flowrates is subsequently remobilised and discharged at higher flowrates.
In the current studies, a methodology for the numerical assessment of both particle removal and retention efficiencies was developed and subsequently applied to the comparative assessment of stormwater sediment interceptors. The Fluent CFD software (Version 5.5) was applied throughout (Fluent, 1998). The Lagrangian particle tracking approach was used on the basis of its appropriateness where solids concentrations are low, and its demonstrated ability to provide reliable outputs.
DEVELOPMENT OF A METHODOLOGY
Through the use of the Lagrangian particle tracking routine, the Fluent CFD software enables 'discrete particles' of defined size, density and shape factor to be 'injected' into a calculated flow domain. Trajectories are predicted by means of assessing and reassessing the impact of drag, gravitational and centrifugal forces on particles at predefined spatial intervals. Sensitivity studies carried out by the authors have demonstrated that an interval size of 0.5 mm is sufficiently small to ensure insensitivity to this parameter when applied to the types of chamber considered in this study. where time 't' can be understood as the time from entry of particles into the chamber to the time after which the 'test' is regarded as complete. Studies have suggested that at least 500 particle injections are required to produce statistically valid efficiency predictions for a given set of particle characteristics.
An additional performance measure, 'particle retention efficiency' has been identified by the authors as a useful indicator of the ability of a separator to retain previously rd International Conference on Sewer Processes & Networks, Paris, France, 15-17 April 2002, pp 279-286 captured particles. This is defined in the same manner as particle removal efficiency, except that particles are injected directly into the sediment storage region, rather than into the separation region. This is, by its nature, a time dependent characteristic.
The methodology developed by the authors to characterise a separator involves the analysis of non-separated particle transit time data. The Fluent CFD software enables this by logging transit times every time a particle leaves the domain. Such data provides a dynamic profile of the status of a system, from which both time-dependent and instantaneous efficiencies can be derived.
As an illustration, Figures 1 (a) and (b) show how both particle removal and retention efficiencies are predicted to decay with time for a 'simple vortex separator' at an inlet flowrate of 60 l/s. The system, which had an outer diameter of 1.2 m, was injected with spherical particles with a density of 2650 kg/m
VALIDATION OF PARTICLE REMOVAL EFFICIENCY PREDICTIONS
Using the Gambit preprocessor (Fluent, 1998), a 3-dimensional hexahedral mesh, comprising of around 170,000 computational cells, was constructed to represent a 1.8 m diameter 'advanced vortex separator' (AVS). General details of the separator, which took the form of a Hydro International 'Downstream Defender ® ', are provided later in the paper. The fluid free surface was approximated by a flat frictionless wall, the location of which was derived from experimental data.
Using the Fluent software, fluid flowfields were predicted for a range of inlet flowrates using the Reynolds Stress Model of turbulence (RSM). Solutions were converged to an iterative residual level of 1x10 .
Following this, particles with a density corresponding to that of sand, and with sizes ranging from 10 to 1000 microns were injected into the flow domain. Actual particle sizes were selected to include aperture sizes of standard laboratory sieves.
The methodology and recommendations described previously were used to develop an efficiency characteristic for the system. rd International Conference on Sewer Processes & Networks, Paris, France, 15-17 April 2002, pp 279-286 To enable validation, a 1.8 m diameter AVS was tested experimentally using graded test sand, almost 90 % of which was within the 75-212 micron size range. In addition to performing mass balances to allow derivation of total efficiencies, sieve analysis of recovered sand also allowed grade efficiency derivation. Total predicted efficiencies were derived using the test sand grading in conjunction with CFD outputs, where sieve range mid-size values were obtained by interpolation.
Comparisons between the experimental and numerical outputs are presented in Figures 2 (a) and (b). The CFD outputs are presented for a 'test time' corresponding to the experimental test time, minus the time taken to add half of the feed sand. Very good correspondence is shown between the CFD predictions and the experimental data, giving confidence in the methodology.
Experience of the authors suggests that variations in either numerical or experimental approach can have a significant impact on the quality of quantitative comparisons. However, where 'relative' effects, or general trends form the prime focus of a study, a well developed, and consistently applied methodology has been found to yield good qualitative outputs in most cases.
COMPARATIVE ASSESSMENT OF DIFFERENT CHAMBER TYPES
Using the methodologies described previously, 4 different types of sediment interceptor were assessed using CFD. These included a gravity sedimentation device (GSD), a gully pot (GP), a simple vortex separator (SVS) and an advanced vortex separator (AVS). Chambers with a diameter of 1.2 m were considered in each case. The general form of each of these can be ascertained from the graphical outputs presented in Figures 3 and 4 . Inlet flowrates of 20, 40 and 60 l/s were considered for each, based on multiples of 1, 2 and 3 times typical design flowrates for an AVS. Properties corresponding to those of sand were used for particle injections.
The AVS and SVS each had a 200 mm diameter tangential inlet, while the GSD had a 200 mm perpendicular inlet. The inlet to the GP was based on a calculated approximation of a falling fluid stream. Each chamber had a 300 mm diameter overflow, the invert of which was located approximately 1.2 m above the base. Uniquely, the AVS contained a number of flow modifying members. Based on the outputs of a sensitivity study, and the current focus on relative rather than absolute predictions, tetrahedral meshes were used on the models, comprising of between 100,000 and 150,000 computational cells. Discrepancies observed when a well-defined hexahedral mesh was used for the AVS were not deemed large enough to warrant the additional set-up time required to produce such a mesh (efficiencies within 10 % in most cases).
Figures 3 and 4 (a) to (d) show vertical mid-sectional plane velocity vectors and fluid pathlines predicted for each system at an inlet flowrate of 40 l/s. The velocity vectors are scaled by their length. The pathlines, which can be understood to be equivalent to experimental dye tracers, originate from the inlet and base region of each system. These are shaded depending on their residence time, going from black, through to white, and then to black again. Figures 5 (a) to (d) , including outputs at 20 and 60 l/s for each system. Comparing these, it is clear that chamber configuration has a major impact on performance, in terms of both particle removal and retention efficiencies. In particular, it is noted that the vortex separators (Figure 4 ) are predicted to be superior to the linear separators (Figure 3 ).
The GP is predicted to be the least efficient chamber overall, with removal efficiencies of zero predicted for particles finer than 256 microns at 20 l/s, and 545 microns at 60 l/s. The retention efficiencies for this system are predicted to be very similar to removals, suggesting that material collected at low flowrates is likely to be prone to flushing out at higher flowrates. The GSD is predicted to be superior to the GP, with positive removals predicted for particles larger than 90 microns at 20 l/s, and 181 microns at 60 l/s. Retention efficiencies are predicted to be marginally higher than (d) illustrate how, for the gully pot, the entry of flow from above causes a rolling motion of flows in the chamber, resulting in high velocities in the base region, explaining the poor performance predicted for this chamber. In the GSD, a more chaotic motion is predicted. However, the lower peak velocities predicted explain the superior performance of this configuration.
The AVS is predicted to be marginally superior at removing particles than the SVS at 20 l/s, and significantly superior at 60 l/s. Positive removals are predicted for all particles at both 20 l/s and 60 l/s for the AVS (the smallest particles considered had a diameter of 10 microns). For the SVS, however, positive removals are predicted for particles larger than 38 microns at 20 l/s and 91 microns at 60 l/s. Both systems are predicted to have better particle retention capabilities than removal capabilities at each flowrate. However, the retention efficiency of the SVS at 60 l/s is marginally lower than its removal efficiency at 20 l/s, suggesting that flushing out could occur with this flowrate increase. For the AVS, retention efficiencies at 60 l/s are predicted to be higher than removal efficiencies at 20 l/s, corresponding to 100 % retention with this flowrate increase. Notably, for the AVS, positive retention efficiencies are predicted for all particle sizes at both flowrates.
Figures 4 (a) to (d) provide an insight into the reasons for the superior performance predicted for the AVS compared to the SVS. In the SVS, shortcircuiting of flows directly from the inlet to the outlet is predicted. The remaining flow spirals down the outer wall of the vessel and up the centre before exiting. Recirculation in the vertical plane suggests that the vortex is skewed. In the AVS, direct shortcircuiting is not possible due to the presence of internal baffles. In addition, there is a clear division of the flow domain into an upper swirling region, and a lower, relatively quiescent region, corresponding to the sediment collection area. The pathline predictions in this region indicate limited mixing with the upper region, with their predominantly dark shade denoting a long residence time. This is regarded as being significant in explaining the superior performance predicted for this system.
CONCLUSIONS
The interception of sediments in sewer systems, or at sewer stormwater intakes, represents a means of alleviating the problems that are typically associated with their presence.
An efficient methodology for the assessment of sediment interceptors using CFD has been developed. Practical application of the methodology has highlighted that the ability of treatment chambers to retain sediments following capture, as well as initially remove them, is an important performance attribute.
In particular, the outputs of the study have highlighted the superior performance of vortex chambers compared to linear separation chambers, and it is identified that an optimised chamber with a sheltered sediment collection region is likely to be far more resistant to the phenomenon of collected material reentrainment and subsequent loss than a chamber without such features.
